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Wnt signaling plays a critical role in developmental and adult neurogenesis. In this issue of Cell Stem Cell,
Jang et al. (2013) and Seib et al. (2013) show how age and neuronal activity regulate adult hippocampal neuro-
genesis by inhibiting or activating, respectively, distinct components of the Wnt signaling machinery.While proliferation and differentiation of
stem cells occurs extensively during
neural development, the brain is remark-
ably quiescent in postnatal life, with the
notable exception of the subventricular
zone of the lateral ventricle and the sub-
granular zone (SGZ) of the hippocampal
dentate gyrus. In the adult SGZ, type I
(Nestin+/GFAP+) radial glia-like stem
cells give rise to type II (Nestin+/Tbr2+)
activated neural progenitors, also called
transiently amplifying cells. These differ-
entiate into type III (Tbr2+/DCX+) neuro-
blasts and eventually into postmitotic
(DCX+/NeuN+) immature neurons that
lose DCX expression as they mature
(Kempermann et al., 2004). The interplay
between extrinsic and intrinsic regulation
of this process, however, remains
unclear. Adult hippocampal neurogenesis
plays a critical role in both memory and
mood or anxiety-related behaviors, and
environmental manipulations such as
exercise, environmental enrichment,
hippocampal-dependent learning, electri-
cal stimulation, stress, age, and pharma-
cological manipulations have all been
shown to alter adult hippocampal neuro-
genesis (Zhao et al., 2008). Molecular
factors maintaining the adult hippo-
campal neurogenic niche include many
regulators of developmental neurogene-
sis such as the growth factors VEGF and
BDNF and the Notch, BMP, Shh, Ephrin,
and Wnt signaling pathways (Fuentealba
et al., 2012). Two studies in this issue of
Cell Stem Cell from the Martin-Villalba
(Seib et al., 2013) and Song (Jang et al.,
2013) laboratories show that age and
activity may decrease and increase,respectively, adult hippocampal neuro-
genesis via antagonists of the Wnt
signaling pathway (Figure 1).
Wnt ligands derived from hippocampal
astrocytes are known to bind Frizzled/
LRP heteromeric receptors expressed in
adult hippocampal progenitor cells and
regulate adult neurogenesis (Lie et al.,
2005). Dickkopf 1 (Dkk1) is a secreted
glycoprotein expressed in the SGZ and
granule cell layer (GCL) of the dentate
gyrus that binds LRP, precluding forma-
tion of the heteromeric receptor complex
(Clevers and Nusse, 2012). Seib et al.
(2013) show that levels of Dkk1 mRNA
and protein increase with age, which
results in suppressed adult neurogenesis
and proliferation (Zhao et al., 2008). In
order to assess the functional role of
Dkk1, Seib et al. (2013) generated con-
stitutive and inducible CNS-specific
Dkk1 knockout mice. Cultured neuro-
spheres generated from both mouse lines
exhibited increased Wnt signaling and
also generated an increased number
of secondary spheres, suggesting that
Dkk1 normally suppresses the prolifera-
tion of neural progenitors. They then
examined expression of molecular
markers of proliferation and neuronal
differentiation. Induced deletion of Dkk1
in adult mice resulted in increased
numbers of type I, type II, and type III
cells. The authors note that no change
was seen in numbers of astrocytes,
suggesting that effects of Wnt signaling
are specific to neurons and not glia.
Increased neurogenesis was accompa-
nied by increased dendritic complexity
in 6-week-old neurons as assessed byCell Stem Cell 12dendritic length and branch points. The
authors go on to suggest that Dkk1
expression may contribute to age-related
cognitive decline. They show that aged
wild-type mice exhibit decreased sponta-
neous alternation in the T-Maze test of
working memory and decreased spatial
memory in the active place avoidance
test. Strikingly, deletion of Dkk1 in aged
adult mice was sufficient to restore
behavioral performance on both tasks to
levels seen in young mice. Both constitu-
tive and inducible Dkk1 knockout mice
also exhibited less depressive-like
behavior in the tail suspension test. Taken
together, the data of Seib et al. (2013)
show that loss of Dkk1 increases Wnt
signaling, resulting in enhanced neuro-
genesis and improved spatial memory.
These findings suggest that decreased
Wnt signaling, due in part to increasing
levels of Dkk1, may contribute to age-
related suppression of neurogenesis and
cognitive decline.
Indeed, recent work has shown that
reduced levels of the Wnt3 ligand in
aged mice leads to decreased Wnt
signaling and suppressed adult neuro-
genesis (Okamoto et al., 2011). Both
Wnt3 expression and neurogenesis were
rescued in old mice by exercise. In
another study in this issue, Jang et al.
(2013) show that exercise also decreases
expression of secreted frizzled-related
protein 3 (sFRP3), a protein that binds
Wnt proteins and prevents ligand binding
of the Frizzled/LRP receptor and down-
stream signaling (Clevers and Nusse,
2012). In fact, sFRP3 appears to be regu-
lated by neuronal activity: the authors, February 7, 2013 ª2013 Elsevier Inc. 139
Figure 1. Wnt Antagonists Inhibit Adult Hippocampal Neurogenesis
Wnt protein binding of the Frizzled/LRP heteromeric receptor and downstream
formation of the b-catenin TCF/LEF complex leads to subsequent transcrip-
tional activation of target genes. Inhibition by Dickkopf 1 (Dkk1) and secreted
frizzled-related protein 3 (sFRP3) of Wnt signaling downregulates adult stem
cell proliferation and neuronal maturation. Exercise or electroshock (ECS)-
mediated neuronal activity inhibits sFRP3 expression, allowing Wnt-Frizzled/
LRP binding and activating adult radial glial-like stem cells. Conversely,
Dkk1 expression increases with age, precluding formation of the Wnt receptor
complex and leading to suppression of adult hippocampal neurogenesis.
Cell Stem Cell
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stimulation (ECS) and direct
neuronal stimulation, via op-
togenetic activation, both
significantly decrease sFRP3
expression. Adult knockdown
of sFRP3 via lentiviral injec-
tion of shRNA in the dorsal
dentate gyrus resulted in
increased Wnt signaling and
cell proliferation. The authors
then generated sFRP3
knockout mice, and observed
increased numbers of type I
cells, type II cells, and mature
adult-born neurons in trans-
genic animals. sFRP3 dele-
tion and knockdown also
resulted in increased den-
dritic complexity of adult-
born neurons as measured
by dendritic length, branch-
ing, and spine density. Using
single clonal analysis, the
authors show that sFRP3
does not appear to influence
downstream lineage choiceafter increased proliferation. Counterintu-
itively, ECS and exercise-induced pro-
liferation appeared to be attenuated in
sFRP3 knockout mice, leading the
authors to suggest that specific release
of sFRP3-mediated inhibition of the Wnt
pathway is necessary for activity-induced
adult neurogenesis. Thus, Jang et al.
(2013) show that activity-induced
suppression of sFRP3 serves to increase
Wnt signaling and leads to activation of
neural stem cells and increased neuro-
genesis. In a recent report, the same
authors (Jang et al., 2012) also demon-
strated that chronic administration of
the antidepressant fluoxetine decreases
sFRP3 mRNA levels and that sFRP3
knockout mice exhibit decreased depres-
sion-related behavior in the tail suspen-
sion and forced swim tests.
These complementary studies shed
light on how individual components of
the Wnt signaling pathway may mediate
behavioral modulation of adult neurogen-140 Cell Stem Cell 12, February 7, 2013 ª201esis. It remains to be seen whether Dkk1
and sFRP3 activate redundant or non-
overlapping downstream molecules to
effect these changes. It is interesting to
note that while Dkk1 and sFRP3 inhibit
different components of theWnt pathway,
deletion of either antagonist results in
increased Wnt signaling, activation of
quiescent stem cells, and increased
dendritic complexity. However, while
sFRP3 deletion enhances both neuronal
and glial progeny, Dkk1 deletion results
in an increase only in neuronal precursors.
Additionally, numbers of mature neurons
are increased after abrogation of sFRP3,
but not Dkk1, which Seib et al. (2013)
suggest is due to increased apoptosis in
Dkk1 mutant mice. Notably, overexpres-
sion of Wnt3 results in increases in
neuronal, but not glial, progenitors (Lie
et al., 2005; Okamoto et al., 2011). Given
the memory and mood or anxiety-related
behavioral improvements following Dkk1
and sFRP3 deletion and the proposed3 Elsevier Inc.role of adult neurogenesis in
these behaviors, it will be
intriguing to explore further
whether these Wnt antago-
nists can be harnessed to
treat age-related memory
impairments as well as mood
and anxiety disorders. How-
ever, we must keep in mind
that strategies aimed at stim-
ulating hippocampal neuro-
genesis likely will not cure all
age or stress-related impair-
ments but will rather amelio-
rate specific dentate-gyrus-
related functional deficits
(Kheirbek et al., 2012).REFERENCES
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